ABSTRACT. The influence of forging conditions on the propagation of physically small fatigue cracks has been studied for two high strength steels. Two surface conditions were produced after the forging process. The subsurface microstructure of the materials has been characterized by EBSD. Small samples extracted from the original specimens were used to perform in situ fatigue tests monitored by high resolution synchrotron X-ray tomography. Fatigue cracks were initiated from an artificial defect (100 μm wide x 50 μm deep) introduced in the forging skin by laser machining. 3D images of the initiation and growth of those physically small fatigue cracks have been obtained. It was found that the presence of a shot-blasted skin containing a hardness and microstructure gradient influences the 3D crack shape during propagation in comparison with the materials without material properties gradient. The 3D crack shapes are rationalized in terms of crack closure effects induced by the forging processes, close to the surface.
INTRODUCTION
ith the enforcement, in the very near future, of new European regulations in terms of fuel consumption, car manufacturers have put a large effort in trying to reduce the weight of vehicles in the last ten years. This has led to a global increase of the load level experienced by many components in the body, the panels, the wheels or the engine of cars. Being able to accurately predict the fatigue life of those components has now become a key issue for keeping the same trend and reducing the vehicle weight further. A good example, in the field of metallic components, is given by the connecting rods or crankshafts which are submitted to higher service load for a very large number of cycles. Although it is well accepted that the methods used to produce such components (mainly hot and cold forging) have a strong effect on the material microstructure and, therefore, on their mechanical properties, the thermo-mechanical history experienced by the metals during processing is not accurately taken into account at the design stage leading to over conservative safety coefficients.
W
In this study, four different industrially relevant forging conditions have been studied for two different pearlitic or ferriticpearlitic steels. The effect of the processing route on the materials microstructure and mechanical behavior has been first evaluated. The 3D propagation behavior of fatigue cracks growing from shallow artificial defect (i.e. growing mainly within the forged skin of the materials) has been obtained through in situ X-ray synchrotron tomography. The crack growth curves have been obtained for all materials and the effect of processing on crack growth behavior assessed.
EXPERIMENTAL

Materials
our different forging condition of industrial relevance were investigated for two different steels. Cold forged cylindrical specimens produced with two different cross sectional area reduction (18 and 75 %) have been obtained for a 27MnCr5 ferritic-pearlitic steel [1] . A C70 pearlitic steel was also used to produce connecting rods through a four step hot forging process. Samples were extracted from the connecting rods directly in the as-forged condition or after a shot-blasted treatment applied in order to remove the scale [2] . Tab. 1 details the processes and the mechanical properties of the four different materials/conditions studied (hereafter simply called different materials with a greek numbering as shown in the table). It can be seen from this table that the cold forging process produces a lower grain size than hot forging and that the grain size decreases with the level of reduction. When shot blasting is used (material IV) a grain size gradient is observed. EBSD observations reveal a 10 µm thick layer of extremely fine grains (< 1 µm); below this region a layer of heavily deformed grains is observed evolving gradually towards more equiaxed grains with an average size of 25 µm at a distance of 150-200 µm below the surface, where the unaffected bulk material begins. A gradient of mechanical properties is concomitantly observed with hardness values ranging from 350 HV at the surface to 280 HV at 400 µm below the surface. Finally, in the bulk material, a residual stresses gradient (measured by X-ray diffraction) with compressive stress values ranging from -500 MPa at the surface to 0 MPa at a distance of 400 µm below the surface was measured . More detailed information can be found in [2] 
Synchrotron tomography experiments
In order to study the influence of the surface conditions induced by the finishing processes on the propagation of shallow fatigue cracks, small samples of 0.8 x 0.8 mm cross-sectional area were extracted at the surface of the forged components. The small cross section of the samples is the result of the large X-ray attenuation of Iron and the small voxel size required to detect accurately the small cracks [3] . Fig. 1 (a) and (b) show a schematic view of the fatigue samples extracted from the cold forged round bars (materials I and II) and from hot forged connecting rods (materials III and IV) by means of electro discharge machining. Table 1 : List of the materials and forging processes investigated with the corresponding mechanical properties and grain sizes. In material IV the shot blasting process produces a grain size gradient (see the text for details).
Residual stress measurements performed on the tomography samples showed values ranging from 0 to 20 MPa in samples of materials I, II and III. In the particular case of material IV, after spark machining the samples exhibited a curvature radius of 170 mm due to the presence of residual stress gradient. However, this curvature disappeared in the unloaded state after a few hundred fatigue cycles. Thus it can be concluded that the samples tested were free of residual stresses. Artificial defects that act as the initiation point of the fatigue cracks were introduced at the sample surface by laser machining as described elsewhere in the case of cast iron [4] . In this study the notch obtained has the shape of a narrow wedge of dimensions (depth/width/opening): 50x100-150x5 µm 3 . It is shown schematically on Fig. 2 . In-situ fatigue tests were performed on ID19 beamline at the European Synchrotron Radiation Facility (ESRF). A "pink" X ray beam [5] with a photon energy of 60 keV is used with a Pco Edge CCD camera (2160 x 2560 pixels). The samples were cycled in situ using a dedicated fatigue machine mounted onto the rotation stage of the beamline [6] . Once crack initiation was detected (by inspection of the radiographs of the sample under load) tomographic scans (2000 projections, exposure time of 0.07s duration 3.68 min) were recorded regularly after a given number of cycles. The samples were scanned under maximum load in order to improve crack visibility. Uniaxial fatigue tests were carried out in pull-pull loading conditions with R=0. 
RESULTS AND DISCUSSION
ab. 2 summarizes the fatigue tests performed at the ESRF. Two tests were carried out in each material in order to have failures above and below 100.000 cycles. For material IV, five specimens were tested since in some cases the crack nucleated from a corner of the sample instead of the artificial defect. The ability of tomography to detect accurately the size/shape of the cracks was assessed by comparing the surface crack size measured on the reconstructed images (e.g. right image on Fig. 2 ) with optical images obtained on the unbroken samples. In all cases a very good correspondence was observed (less than a few percent error). It was therefore possible to monitor accurately the 3D shape of the crack steadily propagating out of the artificial defect. Regarding the initiation stages, for the cold forged materials, a larger number of cycles was required to initiate a crack from the notch for the material with the largest strain level (material II). Regarding propagation, for all materials, both the crack surfaces and crack fronts were relatively flat/smooth showing no indication of strong interactions with the local microstructure (see for example Fig. 3 for an example of the crack fronts observed in material IV). Despite their small physical sizes, the cracks behave as "microstructurally long" fatigue cracks with continuously increasing growth rates. Fig. 4 shows a comparison of the crack growth rates as a function of ∆K for materials III and IV. In this figure the stress intensity factor values are based on the (area) 1/2 parameter proposed by Murakami [7] .
Material
T It can be seen from this figure that the shot blasting effect has nearly no effect on the crack resistance of the two materials. The same results have been obtained when comparing materials I and II. A more sophisticated analysis taking into account the 3D shape of the cracks for the calculation of the Stress Intensity Factors (SIF) with the Raju & Newman analytical formulas [8] shows again no difference between the four materials in terms of crack growth rates. One difference between the materials is observed when the crack shape is being considered. In case of material I, II and III the crack fronts acquire a semi-circular (penny) shape from a very early stage of propagation, conserving this geometry until final failure. In the case of material IV, however, the crack front acquires a semi-elliptical shape, a geometry which is maintained until final fracture. For materials I, II and III the crack intersects the surface with a 90 degree angle; this is not the case for material IV as observed on Fig. 3 . Those differences are shown on Fig. 5 which gives a summary of the crack aspect ratio (depth/half surface length) for all materials: material IV is the only one which has a ratio below 1. A Raju & Newman analysis of the SIF values suggests that a penny shape correspond to a crack growing with an out of equilibrium shape that is to say a crack front along which K is not constant but higher at the surface. One explanation for this might be the "tunneling" effect of the crack which is well known for through cracks in CT samples (see for example [9] ): a larger level of crack closure at the sample due to the larger plastic zone size "holds back" the crack front.
Although this has rarely been reported for 3D part-through cracks [10] , this is consistent with the experimental observation of a grain size gradient at the surface of material IV. A smaller grain size restricts the plastic zone size (Hall Petch effect) and therefore the tunneling effect is reduced or even suppressed. Experiments at larger R ratio on materials III and IV (not shown here) tend to support this interpretation.
CONCLUSION
n situ fatigue tests monitored by synchrotron X-ray tomography have been carried out on four different forged materials (two different steels + two different forging processes). The residual stresses which have been measured in some of the bulk materials have been released in the fatigue samples because of their small size. For the experimental conditions investigated, it was found that there is no influence of the forging process on crack growth curves. Differences in crack front shapes have been observed for the material which has been shot blasted. Those differences are interpreted in terms of the modifications induced in the sub-surface microstructure by the forging processes: a reduction of subsurface crack closure due to a local increase of the yield stress.
